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 
Abstract — Sensor networks for environmental monitoring present enormous benefits to the community and society as a 
whole. Currently there is a need for low cost, compact, solar powered sensors suitable for deployment in rural areas. The 
purpose of this research is to develop both a ground based wireless sensor network and data collection using unmanned aerial 
vehicles. The ground based sensor system is capable of measuring environmental data such as temperature or air quality 
using cost effective low power sensors. The sensor will be configured such that its data is stored on an ATMega16 
microcontroller which will have the capability of communicating with a UAV flying overhead using UAV communication 
protocols. The data is then either sent to the ground in real time or stored on the UAV using a microcontroller until it lands or 
is close enough to enable the transmission of data to the ground station. 
 
Index Terms— Sensor data collection, UAV 
I. INTRODUCTION 
The use of UAVs for remote sensing is rapidly increasing [1, 2, 3 ] Wireless sensor networks have been used for decades 
to monitor habitats and the environment. Since the sensor nodes are located in the physical environment, they have the 
ability to provide long term and accurate real time data that is not available through traditional instrumentation [4]. In this 
research we explore the use of a UAV for collecting data from an integrated solar powered wireless sensor network. The 
concept is illustrated in figure 1. 
 There are a number of successful implementations of wireless sensor networks.  One of these is the FLECKS, 
developed by CSIRO over a number of years.  
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Fig.1. Conceptual Illustration of System 
 
The system uses CSIRO’s fleck technology which integrates a compact, low power sensor capable of deployment in large 
numbers in remote wireless networks [5]. The board contains all the needed subsystems in order to sense, store and 
transmit its data successfully to other nodes within the network.  Moreover, the transceiver uses a 15 cm whip antenna 
with a range of 500m outdoors [6].  
 The aim of this research paper is to design a similar system to the FLECKS which is solar powered and is capable of 
communicating with a UAV using cost effective and readily available components. Research in the area of UAV as a data 
collection system is limited, however similar systems have been developed. Tirta et al developed a system that collected 
data from remote fields using mobile data collectors such as UAVs [7].  A sensor data collection system using unmanned 
aircraft was explored by Henkel et al, whereby stationary ground nodes communicate with a UAV [8]. The ground nodes 
typically have a short range and therefore to provide long range communications a UAV is used as a mobile data 
collector. However, the system is not powered by solar cells and uses a central gateway node as an interface between the 
ground and UAV. 
 Ajorlou et al developed a robust multi-UAV data collection system which uses a control centre to send out sensor-visit 
tasks to multiple UAVs [9]. The UAVs then interrogate the sensors and collect their data. The major difference is that the 
system uses multiple UAVs for the data collection. Erman et al developed a disaster response system whereby the sensor 
nodes are either static or mobile, enabling greater flexibility in their operation [10]. Hundreds of nodes are placed in an 
area covering several square kilometers which would send their data to central sink nodes which store the sensor data and 
are the interface between the network and mission control centre. This system is more complex as it needs central nodes 
to store the information but is more flexible in that the UAV acts as a mobile sensor carrying a sensor onboard in addition 
to the ground sensor network. 
 In this work a systems engineering methodology was followed in designing the system, whereby background research 
was undertaken first followed by the design and system architecture. Testing which included verification and validation 
was done on the complete system to show its functionality.  
 The rest of the paper is organised as follows. Section 2 describes the design, Section 3 gives an overview of the system 
architecture while Section 4 shows the verification and validation of the system. 
II. DESIGN 
 Since the data collected by the sensors has to be stored locally it became apparent that there were two ways of 
achieving this. One is by letting the modems store the data before transmitting to the UAV and another was to use a  
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microcontroller to store the data and thus use the modems in only a transmitting/receiving mode making the system 
simpler and cheaper.  
 Some UAV autopilots such as Micropilot (MP2128), contain a microcontroller which could be used to store the data 
off the temperature sensor.  However, it became apparent that this is best avoided as interfacing with flight critical 
hardware can be dangerous and if possible a way should be found around this problem. A second microcontroller will be 
used on the UAV to collect and log the data. 
 A number of microcontrollers were explored. The decision was to use the ATmega16 microcontroller where the data 
can be stored safely and can then be passed onto the modem module when needed. In this work we use the Zigbee X-Bee 
Pro modems due to its power efficiency as well as its ISM 2.4 Ghz operating frequency which allows for greater range. 
Moreover, this approach becomes very cost effective in that most of the parts needed are commercial off the shelf. Thus 
the only parts that need to be acquired are 5V adapter boards, temperature sensors and solar cells capable of powering the 
system.  
 The temperature sensor used for capturing the data before being stored on the microcontroller is the LM335Z. This 
sensor is used due to its cost effectiveness, low power consumption and its ability to be interfaced with an ATmega16 
microcontroller. 
 The LM335Z sensor has a wide operating temperature range suitable for implementing in an environmental monitoring 
sensor network. It operates as a 2-terminal zener that has a breakdown voltage directly proportional to absolute 
temperature at 10mv/K [11]. This makes for easy calibration, which is achieved by using the third pin, and has an initial 
accuracy of 1 . The only potential problem is the mounting of the sensor as placing it near any heat producing devices 
will make the sensor produce faulty readings. As such, it would be best to mount it as far away from other devices as 
practically possible to avoid any potential inaccuracies. 
 The system is solar capable, since the microcontroller, sensor and modems used to transmit the data all use very little 
power ,with the modems even having a sleep mode for power saving. The modems can be put to sleep while they are not 
transmitting or receiving any data, thus saving power. The UAV will fly overhead to collect the data once a day, and with 
the ATmega16 microcontroller having a flash memory of 16K, about 40 – 50 measurements are possible per day.  In each 
measurement, the temperature as well as a time stamp which contains the time of day and the current date will be stored.  
 In summary, the parts needed for the prototype development of this system are: 
 1 Temperature Sensor (LM335Z) 
 2 x Zigbee X-BEE PRO modules with adaptor boards 
 1 x Ground Station Modem (XBee-PRO-PKG)  
 2 x Atmega16 microcontrollers  
 1 x Solar Cell 
 The power requirements for the above components are minimal. The temperature sensor needs a current between 400 
 µA and 5 ma at an operating temperature of 25 ºC. The Atmega16 microcontroller has an active current of 1.1 ma and 
 an idle current of 0.35 ma at 25 ºC. The Zigbee X-BEE PRO modem has a transmit current of 295 ma at 3.3 V and a 
 receive current of 45 ma at 3.3 V. The power down current is less than 1 µA.  
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III. SYSTEM ARCHITECTURE 
The system architecture is shown in figure 2. The figure shows the system in a block diagram format including the 
voltages the devices run at. As can be seen by these voltages, there will need to be a voltage regulator between the 
microcontroller and the X-BEE PRO Zigbee modem due to the difference in operating voltages. The system uses a 5V 
adapter board specifically designed to be used with a 5V microcontroller and the Zigbee X-BEE PRO modem. 
 The UAV component consists of an ATmega16 microcontroller and the Zigbee X-BEE PRO modem.  The UAV 
interrogates the sensor on the ground, by flying overhead at a minimum altitude of 50 m, and sending a message or 
"codeword" which it can recognise. The altitude needs to be kept at a minimum in order to decrease the range between 
the modems and allow for efficient transmission of data. The transmission down to the ground modem will occur once the 
UAV is flying at a predetermined GPS location. Once it gets this message it knows to start transmitting via the Zigbee X-
Bee PRO modem up to the UAV. An advantage of using a microcontroller is that it can store the data before transmitting 
it onto the UAV and thus the modem is purely used as just a modem and not as a storage device. This not only allows 
more data to be stored but makes the system less complex. 
 The ground component consists of an ATmega16 microcontroller, X-BEE PRO modem which is mounted on a 5V 
adapter board, the temperature sensor and the solar cells and backup secondary power supply.  The adapter board is 
needed for compatibility between the modem and the microcontroller which runs at 5V. The solar cells power the system 
until a certain minimum voltage level is reached. Once the voltage falls below this minimum value, the secondary 5V 
battery power supply will start to power all the systems. This will be achieved through a voltage comparator which is 
connected to a switch or relay, to enable the switching to occur.   
 The sensor is part of a simple temperature sensor circuit. The output of the sensor is connected to the ADC (Analog to 
Digital Converter) on the ATMega16 microcontroller on Port A.  The ADC is needed in order to change the data  
from analog into digital form and allow the microcontroller to process and store the data.  
 Ideally, we would like the solar cells to recharge the batteries while they still have enough power so as to prolong the 
battery life in case of bad weather. However, in order to achieve this one would need a voltage charge controller which is 
a device that makes sure that the batteries aren’t overcharged, which could potentially damage them and reduce their life 
cycle.  It was decided against using this charging system because even though it would provide a more energy efficient 
system, it is expensive and would also add considerable complexity to the overall system. 
 The system architecture diagram in figure 4 shows that the ATmega16 microcontroller runs on a voltage range between 
4.5 – 5.5 V (ideally at 5V). It uses Complementary metal-oxide-semiconductor technology (CMOS), whereas the Zigbee 
X-BEE PRO modem runs on 2.8 – 3.4 V (ideally at 3.3V). The modem uses transistor-transistor logic technology (TTL) 
and thus in order to make the two devices compatible an interface using the 5V adapter board had to be created. This 
allows connecting the microcontroller directly into the Zigbee X-BEE PRO modem safely and securely.  
 These boards allow direct access to the modems pins and are necessary for proper mounting. The testing consisted of 
connecting the power and Tx/Rx wires directly to the modems pins. However, this is only a temporary solution and is 
quite dangerous if not being careful while handling the wires as creating a short circuit is very easy in this manner. 
Moreover, because the modem had to be connected in this way, a separate power supply had to be used for the modem 
(3.3V) and another one for the microcontroller/temperature sensor circuit (5V). The prototypes in figures 2 and 3 show 
the circuit schematic and design of the PCB layout, which includes the adaptor board and one 9V battery supply.  
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Fig. 2.  Circuit Schematic of Ground Component 
 
 
Fig. 3.  PCB Layout of Ground Component 
 
IV. VERIFICATION AND VALIDATION 
 A number of tests were undertaken to examine if the system was working correctly. Moreover tests were done on the 
human user input part of the code and the transmission through the Zigbee X-BEE PRO Modem at 2.4 Ghz. 
HyperTerminal was used to output the microcontroller’s data onto the computer screen for testing purposes. Screenshots 
of the data being shown on the screen can be seen in the tests done below.  
 Note that all HyperTerminal tests were done at: 
 9600 baud 
 8 data bits 
 No parity 
 1 stop bit 
 No Flow Control 
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 These were the settings to which the code was written and consequently using any other settings would mean that the 
test would not work. A 9600 baud rate was used as a lower bit rate makes synchronisation easier and thus the received 
data is more reliable. Each character is sent as 8 data bits and is received in the buffer by the receiving modem before 
being stored in an array. No parity was used as synchronisation characters sent before the actual data packets allowed for 
error checking. One stop bit enabled the modem to recognise the end of a data packet. Finally no flow control enabled 
communication by only using the Tx and Rx pins, thus reducing the number of connections needed. 
 Note that in the ASCII Setup properties, the “echo typed characters locally” box was ticked. This allows the keyboard 
user input to be shown on screen as well, making it easier to debug any problems that arise. 
 In total, seven tests were conducted. A temperature sensor subsystem test, time stamp test, modem subsystem  
test, synchronisation and data format subsystem test, interference test, solar test and system integration test.  
1.  Temperature Sensor Subsystem and System Initialization Test 
  
 The temperature sensor test consisted of connecting the temperature sensor circuit to the ADC channel 6 of the 
ATmega16 microcontroller and determining the output temperature on the screen. A 5V power supply was used to power 
the sensor circuit while a 12V DC adapter was used to power the STK-500 development board on which the ATmega16 
chip was run.  
 Once this was done, the sensor was exposed to a series of hot and cold temperatures to see whether or not the 
temperature would change. The system initialization test allowed us to confirm that the user can input the current time 
and date from which the counter will then start counting and producing the required time stamp, which is the basis for the 
next test. In practice the person setting the network up will initialize the system at the sensor node location.  
 Figure 4 shows the results. 
 
 
Fig.4. System Initialization Test 
 
2.  Time Stamp Test 
 This test was conducted in order to check if the system timer implemented in the code could update the time on each 
data collection point. Moreover, the time data had to show that it was able to report when the time changes from 23:59 to 
midnight and it also had to consider the day as well as the relevant month and year. A number of test cases were 
conducted including leap years to show that the system was functioning correctly.  
 Figure 5 shows an example of a leap year and how the counter recognizes that in this case it needs to add an extra day 
to the month of February. Appendix A shows more test results. 
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Fig.5. Time Stamp Test (Leap Year) 
3.  Modem Subsystem Transmission Test 
 The data transmission test using a Zigbee X-BEE PRO modem was done through the X-CTU utility that is used on the 
ground station modem. This modem, along with the X-CTU program allows the user to see how many data packets are 
received by the Zigbee X-BEE PRO modem and how many failed. This same procedure was used for the range test on the 
Zigbee X-BEE PRO modem which was found to be 250 – 300 metres until data packets started to be lost. Therefore, the 
recommended altitude to fly the UAV with this system is below 250 metres. 
 Figure 6 shows a screenshot of the modem transmission test. It shows the temperature as well as the timestamp, which 
in this case is just after midnight.  
 
 
Fig.6. Zigbee Modem Transmission Test 
 
4.  Synchronization and Data Format Subsystem Test 
  In order for the two Zigbee X-BEE PRO modules to faultlessly communicate with each other and not receive any bad 
packets, they had to be synchronised. The receiving modem had to know when the data would come in order for it to be 
ready. Therefore before the data is sent, four synchronising characters are sent. These characters are hashes.  The code on 
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the receiving modem processes these four characters as part of a state machine and only if all four arrive does it record 
and store the next stream of data that comes in, i.e. the data that has the temperature sensors measurements.   
 Moreover, in order to save as much memory as possible it was decided that only the raw data would be sent. This 
means that only the numbers which represent the measurement and time would be sent. Each packet has the following 
format: 
TT.THHMMSSDDMMYYYY, where T is temperature to 1 decimal place, HH is hours, MM is minutes, SS is seconds, 
DD is days, MM is months and YYYY is years. In total only 18 characters are sent in each data packet if this format is 
followed, discounting the synchronisation characters at the start.  
 Figure 7 shows an example of the data stream being received at the receiver modem. 
 
Fig.7. Received Data Stream 
 As can be seen the four synchronization characters are followed by the temperature (26.8 degrees). The time of day 
was 23:12:00 and the date was 21/11/1999.  
5.  Interference Test 
 This test was conducted to test for any possible interference between the Zigbee X-BEE PRO modems and the RC 
equipment onboard the UAV, which both operate at 2.4 GHz. The test consisted of the modems operating continuously 
for approximately five minutes, while the RC equipment and the receiver were placed in close proximity. Any possible 
interference in this scenario would be indicated by the yellow receiver light flashing or turning off completely. This was 
not observed and therefore no interference was apparent from this test. 
6.  Solar Test 
 A 12V, 100ma maximum current solar panel was used to test the power supply for the ground based sensor circuit. The 
test was conducted on the roof which allowed for maximum sunlight. The results found that the solar cells could only 
power the circuit intermittently. The low current produced was not enough to allow the modem to transmit every time 
when needed and was thus unreliable. It is recommended that solar cells be used to only recharge a battery, which can 
power the circuit by itself. Further tests with solar cells recharging the battery are being conducted. 
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Fig.8. Solar Cell Test 
 
7.  System Integration Test 
 Flight testing has some level of logistics complexity. The complete system was tested initially by placing the 
temperature sensor at a known location and driving a car past it, to simulate a UAV, which contained the receiver modem. 
Figure 9 illustrates the integration test. Forty samples of the sensors’ data were stored on the ATmega16 before being 
transmitted, each one second apart to enable the receiving buffer to clear before receiving the next data packet as well as 
to allow synchronization before each data packet is received for data accuracy.  
 It was found that at 50 km/h (13.89 m/s), all forty of the data samples were able to be received only if they were sent 
when the car was approaching the sensor at about 250 – 300 m away at point A. Further away from this point the 
communication between the modems was lost and  if the data started to be received any closer the car would be too far 
away to receive all the data samples once it went past the sensor on the other side past point B.  
 
Fig.9. System Integration Test 
 
 It can be concluded from this test that the limiting factor is the range on the modems. Therefore, for maximum data 
collection, it is recommended that the UAV fly at a maximum altitude of 250 metres at a speed just above the minimum 
stall speed of the aircraft at 72 km/h (20 m/s).  
V. CONCLUSION 
 In conclusion, by following a systems engineering methodology a remote sensing wireless sensor network was created 
to be able to sense, compute and transmit data to a UAV flying overhead using cost effective and low power consumption 
components. In the current prototype the two ATmega16 microcontrollers, on the ground and on the UAV, will store the 
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data and transmit using Zigbee X-BEE PRO modems. Other microcontroller and modem combinations are possible such 
as the ATmega128 or ATmega16L.  
 As the system integration test demonstrated the range on the modems is limited. In order to increase range other 
modems such as the Microhard modems can be used. The temperature sensor chosen (LM335Z) is low cost but accurate 
because its breakdown voltage is directly proportional to the absolute temperature in degrees Kelvin.  
 This also allows for quick and easy calibration to get an accuracy of above 0.5 degrees Celsius. Similarly, other sensor 
devices could be implemented which measure air quality or humidity.  
 Current work focuses on integrating the sensor with an autopilot in order for the UAV to be able to poll the ground 
sensor and start transmitting its data. Moreover a flight test is planned for a test involving the two sensors and one UAV.  
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APPENDIX 
  Figure A1 shows the FLECK System. 
 
 
Fig.A1. CSRIO FLECK System [5] 
 Figure A2 shows how the day gets updated when the clock goes past midnight. Figure A3 shows what happens when 
the timer runs past midnight on a new year. It can be seen that the day, month and year all change in this situation.  
 
Fig. A2. Time Stamp Test (Change of Day) 
 
 
Fig. A3. Time Stamp Test (Change of Day, Month, Year) 
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Fig. A4.  System Architecture
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 Figure A4 shows the system architecture.  In the figure the green boxes indicate subsystems which have been 
completed or almost completed, orange indicates some progress has been made and red denotes subsystems which are 
still to be attempted in the time frame given. 
 
